The control of foliar isoprene emission is shared between the activity of isoprene synthase, the terminal enzyme catalyzing isoprene formation from dimethylallyldiphosphate (DMADP), and the pool size of DMADP. Due to limited in vivo information of isoprene synthase kinetic characteristics and DMADP pool sizes, the relative importance of these controls is under debate. In this study, the phenomenon of postillumination isoprene release was employed to develop an in vivo method for estimation of the DMADP pool size and to determine isoprene synthase kinetic characteristics in hybrid aspen (Populus tremula 3 Populus tremuloides) leaves. The method is based on observations that after switching off the light, isoprene emission continues for 250 to 300 s and that the integral of the postillumination isoprene emission is strongly correlated with the isoprene emission rate before leaf darkening, thus quantitatively estimating the DMADP pool size associated with leaf isoprene emission. In vitro estimates demonstrated that overall leaf DMADP pool was very large, almost an order of magnitude larger than the in vivo pool. Yet, the difference between total DMADP pools in light and in darkness (light-dependent DMADP pool) was tightly correlated with the in vivo estimates of the DMADP pool size that is responsible for isoprene emission. Variation in in vivo DMADP pool size was obtained by varying light intensity and atmospheric CO 2 and O 2 concentrations. From these experiments, the in vivo kinetic constants of isoprene synthase were determined. In vivo isoprene synthase kinetic characteristics suggested that isoprene synthase mainly operates under substrate limitation and that short-term light, CO 2 , and O 2 dependencies of isoprene emission result from variation in DMADP pool size rather than from modifications in isoprene synthase activity.
The control of foliar isoprene emission is shared between the activity of isoprene synthase, the terminal enzyme catalyzing isoprene formation from dimethylallyldiphosphate (DMADP), and the pool size of DMADP. Due to limited in vivo information of isoprene synthase kinetic characteristics and DMADP pool sizes, the relative importance of these controls is under debate. In this study, the phenomenon of postillumination isoprene release was employed to develop an in vivo method for estimation of the DMADP pool size and to determine isoprene synthase kinetic characteristics in hybrid aspen (Populus tremula 3 Populus tremuloides) leaves. The method is based on observations that after switching off the light, isoprene emission continues for 250 to 300 s and that the integral of the postillumination isoprene emission is strongly correlated with the isoprene emission rate before leaf darkening, thus quantitatively estimating the DMADP pool size associated with leaf isoprene emission. In vitro estimates demonstrated that overall leaf DMADP pool was very large, almost an order of magnitude larger than the in vivo pool. Yet, the difference between total DMADP pools in light and in darkness (light-dependent DMADP pool) was tightly correlated with the in vivo estimates of the DMADP pool size that is responsible for isoprene emission. Variation in in vivo DMADP pool size was obtained by varying light intensity and atmospheric CO 2 and O 2 concentrations. From these experiments, the in vivo kinetic constants of isoprene synthase were determined. In vivo isoprene synthase kinetic characteristics suggested that isoprene synthase mainly operates under substrate limitation and that short-term light, CO 2 , and O 2 dependencies of isoprene emission result from variation in DMADP pool size rather than from modifications in isoprene synthase activity.
Biogenic isoprene is a key player in the photochemistry of the troposphere (Shallcross and Monks, 2000; Monson and Holland, 2001; Guenther et al., 2006) and also serves an important protective role in plant responses to heat and oxidative stresses (Sharkey and Singsaas, 1995; Singsaas et al., 1997; Loreto et al., 2001; Behnke et al., 2007) . Despite the importance of biogenic isoprene, the mechanisms of isoprene formation and emission are still under lively discussion (Loreto et al., 2001; Rosenstiel et al., 2003; Sanadze, 2004; Sharkey et al., 2008) . Resolving the controlling steps of isoprene synthesis is of key significance for constructing qualitatively new predictive models able to simulate isoprene emissions in stressed plants and the emission responses to global modifications in CO 2 and temperature Grote and Niinemets, 2008) . Due to existing uncertainties in isoprene emission mechanisms, it has even been suggested that pressing global change issues cannot be currently simulated on the basis of existing knowledge (Loreto et al., 2007; Monson et al., 2007) .
There is a consensus that isoprene synthase, the terminal chloroplastic enzyme catalyzing the formation of isoprene from its substrate dimethylallyldiphosphate (DMADP), is the basic site of control of isoprene emission by different environmental and endogenous factors (Kuzma and Fall, 1993; Schnitzler et al., 1997; Loreto et al., 2004; Sharkey et al., 2005) . However, currently there is a major debate of whether the responses of isoprene emission to light and atmospheric CO 2 and O 2 concentrations result from rapid allosteric modifications in the activity of isoprene synthase Logan et al., 2000; Wolfertz et al., 2003; Nogués et al., 2006) or whether these emission responses to environment are controlled by substrate availability (Rosenstiel et al., , 2006 Zimmer et al., 2003; Magel et al., 2006; Monson et al., 2007) . Substrate limitation of isoprene emission may arise if isoprene synthase has a relatively large K m value and the concentrations of DMADP vary with environmental factors. Synthesis of DMADP requires a large amount of reductive and energetic equivalents (NADPH and ATP), and there is evidence that DMADP pool size scales positively with light availability (Brü ggemann and Schnitzler, 2002; Rosenstiel et al., 2002) , suggesting that substrate level control is principally possible.
Discrimination between the synthase and substrate level controls on isoprene emission is currently seriously hampered by available methods for the estimation of isoprene synthase kinetic constants and DMADP pool size that are necessarily destructive. There are currently major uncertainties with in vitro estimates of K m values of isoprene synthase, with estimates ranging from 0.5 to 9 mM (Kuzma and Fall, 1993; Silver and Fall, 1995; Schnitzler et al., 1996; Lehning et al., 1999; Wolfertz et al., 2004) . Furthermore, DMADP pool sizes obtained by different in vitro methods from plants sampled under similar conditions span over 2 orders of magnitude (Fisher et al., 2001; Brü ggemann and Schnitzler, 2002; Nogués et al., 2006; Wiberley et al., 2008) , complicating consensus theory development.
Another major limitation of in vitro DMADP pool size estimations is that most methods assess the whole leaf DMADP pool size. However, in addition to the chloroplastic methylerythritol phosphate (MEP) pathway, DMADP is also synthesized via the mevalonatedependent pathway located in the cytosol. While there is some cross talk between the two pathways (Hemmerlin et al., 2003) , the exchange of isoprenoid precursors between the two pathways is slow and plant isoprene emission mainly relies on the DMADP pool synthesized in chloroplasts (Disch et al., 1998; Eisenreich et al., 2001 ). There are currently two encouraging methods for separation of chloroplastic and cytosolic pools of DMADP: nonaqueous fractionation of leaf material ) and 13 C labeling of the chloroplast pool by fumigating leaves with 13 CO 2 (Loreto et al., 2004) . While the nonaqueous fractionation apparently successfully separated the different DMADP pools at midday, changes in the activity of fraction marker enzymes may limit the use of this technique in other situations , for discussion of the problems). The 13 C-labeling technique requires assumptions about the labeling time kinetics and further assumes that the recovery of DMADP is the same for both cytosolic and chloroplastic pools , for problems of recovery of DMADP in different leaf fractions). As isoprene of 13 C-fumigated leaves does not become 100% labeled even after long-term fumigation (Delwiche and Sharkey, 1993; Karl et al., 2002) , the 13 C-labeled DMADP pool may not fully reflect the entire DMADP pool that is associated with isoprene synthesis. These difficulties with both methods can partly explain large discrepancies in estimated chloroplastic pool sizes of DMADP and the distribution of total leaf DMADP pool size between chloroplasts and cytosol Loreto et al., 2004) .
In this study, we used the phenomenon of postillumination isoprene release (Monson and Fall, 1989) to develop an in vivo method for the estimation of DMADP pool size and to determine isoprene synthase kinetic characteristics in vivo in hybrid aspen (Populus tremula 3 Populus tremuloides) leaves. The method is fast and determines the DMADP pool that is directly associated with isoprene synthesis. We further compared this method with a widely used in vitro method of total leaf DMADP pool size determination (Fisher et al., 2001 ) both in the light and in the dark after cessation of isoprene emission and tested the assumption that the differences in total DMADP pool size between light and dark account for the DMADP pool responsible for isoprene emissions in light . In vivo characteristics of isoprene synthase were further derived from isoprene emission measurements concurrently with in vivo DMADP pool size. These data collectively suggest that isoprene production mainly operates in substrate-limited conditions, and the short-term dependencies of isoprene emission on light and atmospheric CO 2 and O 2 concentrations result from changes in DMADP pool size.
RESULTS

Transient Kinetics of Isoprene Emission after Switching Off the Light
After light was turned off, isoprene emission from hybrid aspen leaves declined under current experimental conditions essentially to zero within 250 to 300 s ( Fig. 1) , demonstrating that the dominant part of isoprene emission was supported by light. As the experiments with the isoprene flow through the empty chamber demonstrated, the time dependence of isoprene emission was driven both by the finite size of the chamber (i.e. the amount of isoprene that was emitted before the transient and that was still present in the chamber during the transient due to limited air turnover time) and by the release of isoprene from leaves in darkness (Fig. 1) . The difference between the integrals of the curves with and without the leaf provides the total amount of postillumination isoprene release from the leaves and quantitatively corresponds to the in vivo DMADP pool size responsible for isoprene emission that was present in the leaves before the transient. Transpiration rate measurements together with leaf energy balance calculations conducted simultaneously with isoprene emission measurements indicated that there were only minor reductions in stomatal openness of about 10% and in leaf temperature of less than 1.5°C during the light/dark transient (Fig. 1) .
After the postillumination measurements, light was turned on again. In all cases, the initial CO 2 uptake and isoprene emission rates recovered to the previous level, indicating that no irreversible changes had occurred in the plant during the transient (data not shown).
Isoprene Emission Rate and in Vivo DMADP Pool Size under Various Environmental Conditions
The rate of isoprene emission from aspen leaves was stabilized at different light (150-550 mmol m 22 s
21
) and atmospheric concentrations of CO 2 (390-1,400 mmol mol
) and O 2 (21% versus 2%) and in plants with leaves of different developmental stages, while leaf temperature was maintained at 28°C to 30°C. The steady-state isoprene emission rate increased with increasing quantum flux density and decreased with increasing CO 2 and O 2 concentrations and was lower in young than in mature leaves, agreeing with numerous previous observations (data not shown; Monson and Fall, 1989; Loreto and Sharkey, 1990; Sharkey et al., 1991; Monson et al., 1994 , for environmental effects on isoprene emission). In each of our experiments, postillumination isoprene release and corresponding in vivo DMADP pool size were estimated as in Figure 1 , and overall variation in in vivo DMADP pool size in response to the environmental and ontogenetic changes was between approximately 100 and 2,000 nmol m 22 (Fig. 2) . In all cases, the estimated in vivo DMADP pool size increased with increasing isoprene emission rate before the measurements (Fig. 2) , indicating that integrated postilluminatory isoprene release did scale with the isoprene emission rate before the measurements and that the gasometric estimates of DMADP pool size derived this way reflected steady-state isoprene emission levels.
In Vivo Versus in Vitro DMADP Pool Sizes
The total pool size of DMADP determined by the chemical method (in vitro) in the light varied between 8,100 and 12,600 nmol m 22 (average 6 SE = 10,500 6 600 nmol m 22 ; Fig. 3A) , being thus approximately an order of magnitude larger than the gasometric (in vivo) estimates. In all cases, the DMADP pool size was smaller in darkness immediately after the cessation of isoprene synthesis (Fig. 1 for emission kinetics; at most 5-6 min since the darkening), with total pool size varying between 7,500 and 10,500 nmol m 22 (average 6 SE = 9,180 6 370 nmol m 22 ; the means between light and darkness are statistically significant at P , 0.001 according to a paired t test).
As with the darkness versus light contrast, in leaves in which isoprene emission had been inhibited by the MEP pathway inhibitor fosmidomycin, the total pool size was reduced in fosmidomycin-inhibited leaves numerically to a very similar extent, by about 15% (Fig. 3B) .
Total DMADP pool size determined chemically was weakly if at all related to the in vivo pool size (y = 0.096x for the in vivo versus in vitro relationship, with r 2 = 0.39, P = 0.09). By contrast, strong positive corre- Figure 1 . Sample recordings of postillumination isoprene emission rate (chamber with hybrid aspen, clone 200) and normalized system transient response (chamber without the plant). The transient response of the system was assessed using an artificial isoprene source. First, a steady-state isoprene flow was established, then isoprene flow was turned off and the system transient response was recorded. This systemspecific response curve (the shape of which is independent of isoprene concentration of the isoprene source) was scaled to given leaf isoprene emission rates at steady-state conditions before switching off the light (i.e. the empty-chamber response was normalized with respect to leaf isoprene emission rate at 0 s). DMADP pool size was calculated as the area between the curves with and without the plant, as shown by the shaded area. Transpiration rate measurements together with leaf energy balance calculations demonstrated that there was a small decrease in leaf temperature of approximately 1.4°C (from 29.1°C to 27.7°C) corresponding to the initial drop of leaf transpiration rate (from 1.6 to 1.45 mmol m 22 s
21
) and a further approximately 10% reduction in stomatal conductance (from 120 to 110 mmol m 22 s
) after switching off the light. Figure 2 . The rate of isoprene emission in hybrid aspen leaves is dependent on the in vivo DMADP pool size measured at 28°C to 30°C. The DMADP pool size was calculated as the integral of the postillumination isoprene emission (see Fig. 1 lations (P , 0.001) between the difference in light versus dark in vitro DMADP pool sizes and in vivo pool size were observed, with only approximately 12% departure from the 1:1 regression line (Fig. 4) , suggesting that the difference between the in vitro light and dark pools corresponds to the DMADP pool responsible for isoprene synthesis. Overall, the chemical estimates of the DMADP pool size responsible for isoprene emission were characterized by greater variance. Average coefficient of variation (sample SD per sample mean in percentage) calculated for treatment means was 29.6% for chemical estimations versus 17.2% for gasometric estimations (these means are significantly different at P , 0.01 according to a paired t test).
In Vivo Kinetic Characteristics of Isoprene Synthase
Provided that gasometric estimates of DMADP pool size correspond to the DMADP pool responsible for isoprene formation, the data reported in Figure 2 represent an in vivo kinetic response curve of the isoprene synthase reaction. For the observed variation of 100 to 2,000 nmol m 22 in in vivo DMADP pool size, isoprene emission rates varied between 2 and 37 nmol m 22 s
21
. The small scatter of data points around the regression line underscores the high reliability of the method. As for nonconstant isoprene synthase activity, varying values of isoprene emission rate at any given DMADP pool size are expected, the small scatter also suggests the constancy of isoprene synthase activity in these experiments.
The measured data formed a slightly hyperbolic segment of a kinetic curve (Fig. 2) describing the emission rate (V) as dependent on the DMADP pool size (S D ). The maximum capacity of isoprene synthase (V max ) of 110 nmol m 22 s 21 and K m of 3.8 mmol m 22 was estimated from the Lineweaver-Burk plot (Fig. 5) . Using an appropriate conversion factor between area-based and volume-based units, a K m for isoprene synthase of 0.28 mM was obtained. Similar estimates were obtained from other enzyme kinetic plots. For instance, the Woolf-Hanes plot (S D versus S D /V axes) provided a K m value of 0.24 mM, suggesting that a robust estimate was derived from these data.
DISCUSSION
Phenomenology of Postillumination Isoprene Emission
The phenomenon of postillumination isoprene emission has been known for some time (Monson and Fall, 1989) , but the reasons for and implications of such a postillumination release of isoprene have not been addressed. As in Monson and Fall (1989) , we observed that the postillumination release of isoprene can continue for a relatively long time, for minutes, before complete cessation of isoprene emission (Fig. 1) .
It may be suggested that postillumination isoprene emission relies on an isoprene pool nonspecifically stored in leaf gas, liquid, and lipid phases. Such nonspecific storage, in particular in leaf liquid and lipid phases, has been shown to significantly contribute to emissions of strongly lipid-soluble monoterpenes (Niinemets and Reichstein, 2002) and water-soluble The DMADP pool in the light was estimated after steady-sate isoprene emission rates were achieved, while the dark pool was estimated when isoprene emission reached zero. n = 62 (31 pairs of leaves measured in light and in darkness) for A and n = 5 for B. The chemical estimation of total leaf DMADP pool size follows Fisher et al. (2001) . Error bars denote SE. Figure 4 . Relationship between in vitro and in vivo DMADP pool sizes responsible for isoprene emission. In vivo pool size was determined gasometrically as shown in Figure 1 , while in vitro pool size was found as the difference between the total pool sizes in light and in darkness immediately after switching off the light (see Fig. 3 ). The variation in DMADP pool sizes was obtained using leaves of different age (n = 7 for the main panel). For each leaf age class, four to six replicate estimations of in vitro and in vivo pool sizes were conducted (n = 31). The inset shows all measurements (y = 0.85x, r 2 = 0.73, P , 0.001). Error bars denote SE of replicate experiments for each leaf age class. Dashed lines show 1:1 dependence.
compounds such as methanol (Harley et al., 2007; Hü ve et al., 2007) . Examination of the physicochemical characteristics of isoprene suggests that the effect of nonspecific storage on isoprene postillumination emission must be small. First, isoprene has a high air-liquid phase partition coefficient (Henry's law constant; Niinemets and Reichstein, 2003) ; thus, isoprene is preferentially distributed in the gas phase and is not significantly stored in the leaf liquid phase. Second, the octanol/water partition coefficient (K ow ) for isoprene that characterizes the partitioning of compound between lipid and liquid phases is only approximately 260 at 25°C (Niinemets and Reichstein, 2003) . This is approximately 2 orders of magnitude less than the K ow for nonoxygenated monoterpenes (Copolovici and Niinemets, 2005) . Direct measurements of foliar isoprene concentrations further indicate that nonspecifically stored isoprene pools in emitting species are approximately 2 orders of magnitude less than monoterpene concentrations in monoterpene-emitting species (Loreto et al., 1998) . This evidence implies that the bulk of the isoprene emitted in darkness results from de novo isoprene synthesis from the immediate isoprene precursor DMADP.
It follows that to understand the postillumination isoprene emissions, the crucial question is the origin of DMADP for the isoprene synthesis in darkness. Previously, postillumination isoprene emission has been explained to reflect the de novo synthesis of DMADP (Monson and Fall, 1989) . However, the chloroplastic MEP pathway of isoprene synthesis is dependent upon the energetic cofactors ATP and NADPH, generated by the photosynthetic electron transport chain in the light. After turning out the light, NADP reduction stops faster than ATP production that is made by a stored proton gradient (Sharkey et al., 1986) . Consequently, the production of glyceraldehyde phosphate (GAP), which relies both on ATP and NADPH, stops faster than the production of ribulose-1,5-bisphosphate (RuBP) from GAP, which depends only on ATP (Sharkey et al., 1986) . Thus, GAP availability will limit the first step of the MEP pathway and reducing power will limit both the second step and the penultimate step of the pathway. This suggests that other metabolites in the MEP pathway contribute less than GAP to de novo DMADP production once the light is turned off. Overall, the pools of both cofactors, ATP and NADPH, are low, and these pools are rapidly exhausted in darkened leaves (Pearcy et al., 1997, for review) . In fact, the dark levels of NADPH, ATP, and GAP can support photosynthetic CO 2 fixation for only a few seconds if CO 2 is made readily available (Laisk et al., 1984) . Given this evidence, we conclude that the amount of DMADP synthesized in chloroplasts after leaf darkening is very small and can contribute to the postillumination isoprene emission that lasts on average for approximately 250 s (Fig. 1) only to a minor extent. In light of this evidence, we conclude that the postillumination isoprene emission results from a DMADP pool present in leaves before darkening.
Estimation of DMADP Pool Size from Postillumination Emission Measurements
Given that postillumination isoprene emission relies mainly on a DMADP pool present in leaves before darkening, our major expectation was that the amount of isoprene emitted after darkening scales with the steady-state isoprene emission rate. This was indeed observed in our study. Larger steady-state isoprene emission rates in response to increased light, reduced CO 2 or O 2 concentrations, or in younger fully mature leaves were in all cases associated with higher integrated postillumination isoprene emission rates (Fig. 2) . As discussed above, the contributions of the nonspecifically stored isoprene pool as well as the de novo synthesis of DMADP to postillumination isoprene emission are essentially negligible, suggesting that the total integrated postillumination isoprene emission provides an estimate of DMADP pool size that participates in isoprene emission before darkening. However, for this to be true, the third necessary condition is that the activity of isoprene synthase remains constant during the postillumination process. This is a relevant condition given that it has been previously hypothesized that the light dependence of isoprene emission results from light-driven modifications in the activity of isoprene synthase (Silver and Fall, 1995) .
Changes in enzyme activity can result from transcription/translation-type regulation of protein synthesis, processes evidently too slow to control the postillumination isoprene emission rate. Faster regulation of synthase activity can result from changes in temperature, pH, or allosteric inhibitors. There was a Figure 5 . Estimation of in vivo isoprene synthase kinetic characteristics at 28°C to 30°C from the Lineweaver-Burk plot (data in Fig. 2 ). Assuming that isoprene synthesis follows Michaelis-Menten kinetics, the dependence of emission rate, V, on the DMADP pool size (S D ) is given as V = V max S D /(K m + S D ), where V max is the maximum reaction velocity and K m is the Michaelis-Menten constant. Thus, the intercept of the Lineweaver-Burk plot is equal to 21/K m , while the slope is equal to K m /V max . The error estimates of V max and K m were derived from the SE of the regression slope and intercept.
reduction of leaf temperature on the order of about 1.5°C after the light was turned off, but this reduction was clearly too small to cause the almost complete cessation of the emission. As for pH, isoprene synthase has a broad pH optimum around 7.7 to 8.2 (Lehning et al., 1999) , while chloroplast stroma pH changes in response to the light/dark transitions at most by 0.4 units (Oja et al., 1986) . Therefore, significant alteration of the isoprene synthase activity during the postillumination process is unlikely. Furthermore, direct measurements of the activity of isoprene synthase extracted from illuminated and darkened leaves indicate a constant enzyme activation state .
Taken together, this evidence suggests that the integral of the postillumination isoprene emission is a measure of the DMADP pool size participating in light-dependent isoprene production. This in vivo method for the estimation of DMADP pool size in intact leaves is analogous to the method in photosynthesis research for the measurement of the CO 2 acceptor, RuBP pool size from postillumination CO 2 uptake. After the light is turned off, CO 2 fixation declines not immediately and CO 2 uptake continues mainly at the expense of RuBP accumulated in chloroplasts during the light, while a smaller component of the postillumination CO 2 fixation is due to some RuBP synthesized in the dark at the expense of ATP and hexose phosphates produced in the light (Ruuska et al., 1998) . The excellent coincidence between RuBP pools determined by the postillumination CO 2 fixation and by direct biochemical measurements confirms that postillumination CO 2 provides a reliable estimate of RuBP pool size (Ruuska et al., 1998) .
In Vivo Versus in Vitro DMADP Pool Sizes
In our study, we found very high bulk DMADP pools, 8,000 to 13,000 nmol m 22 (Fig. 3) , using the in vitro method. These very high pools actually confirm other observations of whole leaf DMADP contents (Fisher et al., 2001; Wiberley et al., 2008 ) that may even extend up to 100 mmol m 22 . However, these massive whole leaf DMADP pools were not related to isoprene emission at all ; this study), and the correlation with the in vivo gasometrically estimated DMADP pool size in our study was very scattered. In fact, in leaves, DMADP is synthesized via the light-dependent MEP pathway in chloroplasts and via the light-independent cytosolic mevalonate-dependent pathway. While there is cross talk between the two pathways, mainly through the DMADP precursor isopentenyl diphosphate (Rodríguez-Concepció n and Boronat, 2002), the rate of the exchange of isopentenyl diphosphate between the cytosolic and chloroplastic pools is slow. As the result, the fraction of cytosolic intermediates penetrating into chloroplasts is estimated to be only 1% to 2% (Disch et al., 1998; Eisenreich et al., 2001) . Thus, to understand the dependence of isoprene emission on substrate availability, it is pertinent to estimate not the bulk leaf DMADP contents but the DMADP pool size that is associated with isoprene emission.
In fact, biochemical estimations of DMADP pool size demonstrate that DMADP concentrations are lower in the darkness than in the light (Brü ggemann and Schnitzler, 2002; Rosenstiel et al., 2002; Falbel and Sharkey, 2005) , and it has been suggested that the difference between light and dark pool sizes of DMADP characterizes the DMADP pool responsible for isoprene synthesis in the light . In our study, this difference coincided with the gasometric estimate of in vivo DMADP pool size (Fig. 4) , suggesting that both methods characterize the DMADP pool responsible for isoprene formation in the leaves.
The overall size of the DMADP pool responsible for isoprene formation appeared to be only 10% to 15% of the total leaf DMADP pool (Fig. 3) . This percentage is somewhat smaller than that previously reported by Fisher et al. (2001) and Rosenstiel et al. (2002) , but in their study, extended darkening periods of up to 12 h were used for dark measurements, while we took the dark measurement immediately after cessation of isoprene emission (at most 5-6 min after darkening; Fig.  1 for dark emission kinetics) . Furthermore, inhibition with fosmidomycin until cessation of isoprene emission further provided a similar percentage of 10% to 15% of the DMADP pool responsible for isoprene synthesis (Fig. 3B) , further confirming that the DMADP pool responsible for isoprene synthesis is small relative to the total leaf DMADP pool. In addition, the data of Nogués et al. (2006) and Behnke et al. (2007) for poplar plants measured under similar conditions using pulse 13 C labeling to detect the chloroplastic pool of DMADP practically coincide with our results of in vivo DMADP pools responsible for isoprene formation of approximately 0.2 to 2 mmol m 22 (Fig. 2) . However, while both in vivo and in vitro methods provided similar estimates of the DMADP pool size responsible for isoprene emission, the chemical method was characterized by larger variability, which is not surprising given that this estimate is the difference between two large values. In addition, the chemical method is necessarily destructive; thus, inherent leaf-to-leaf variability (Fig. 4, inset) complicates studies of environmental effects on light-dependent DMADP pool size and isoprene emission (Brü ggemann and Schnitzler, 2002; Rosenstiel et al., 2002; Falbel and Sharkey, 2005) . By contrast, with the gasometric in vivo method, pertinent DMADP pool sizes can be repeatedly estimated in the same leaves, making it possible to conduct rigorous experiments for testing the role of the light-dependent DMADP pool on the control of isoprene emission.
In Vivo Isoprene Synthase Kinetics
We related the in vivo DMADP pool size determined under different light, CO 2 , and O 2 conditions and for leaves of different age to the steady-state rate of isoprene emission just before the darkening, constructing the kinetic curve of isoprene synthase with respect to its substrate DMADP in intact leaves (Fig. 2) . This allowed us to derive the isoprene synthase kinetic constants K m and V max in vivo (Fig. 5) . This method for the derivation of enzyme kinetic characteristics in intact leaves is analogous to the method for the estimation of Rubisco K m for RuBP in vivo (Laisk et al., 2001 , for details). In fact, for isoprene, this method is even cleaner, as the reaction product rapidly escapes the leaf, while for Rubisco kinetics, the reaction product 3-phosphoglyceric acid accumulates, progressively inhibiting the reaction during the postillumination process.
We derived a V max value of 110 nmol m 22 s 21 , which is similar to values reported in the literature (Lehning et al., 2001; Wolfertz et al., 2004) . The K m value derived was 3.8 mmol m 22 , corresponding to 0.28 mM when converted to chloroplast volume. In early studies, high K m values on the order of 8 to 9 mM were observed (Kuzma and Fall, 1993; Silver and Fall, 1995) . Such very high K m values would require unrealistically high chloroplastic DMADP pools for normal functioning. In fact, these values have been suggested to result from an underestimation of isoprene synthase activity in in vitro measurements due to inactivation of the enzyme during the isolation procedure . Sanadze (2004) further suggested that the high K m values reflect the loss of activating cofactors normally present in chloroplasts or the loss of enzyme native conformation during purification. In fact, there was a positive dependence between the degree of isoprene synthase "purification" and its K m (DMADP) (Sanadze, 2004) .
In more recent studies, K m values around 0.5 to 0.6 mM have been determined, assuming that all leaf DMADP is in the chloroplastic compartment (Schnitzler et al., 1996; Lehning et al., 1999; Wolfertz et al., 2004) . Given that the bulk of DMADP is in the cytosolic compartment, according to our study 85% to 90%, and is not participating in isoprene emission, we suggest that our estimated K m of 0.28 mM represents the true in vivo K m for isoprene synthase.
While it was initially suggested that light-dependent modifications in isoprene emission are driven by modifications in isoprene synthase activity , our data confirm the more recent understanding that substrate availability (i.e. DMADP pool size) controls the emissions (Niinemets et al., 1999; Zimmer et al., 2000; Rosenstiel et al., 2006; Monson et al., 2007) . The control of isoprene emissions by DMADP has also been extended to other factors such as CO 2 (Funk et al., 2004; Rosenstiel et al., 2006; Monson et al., 2007) . As the DMADP pool responsible for isoprene emission was mostly in the linear part of the kinetic curve for different O 2 and CO 2 concentrations as well (Fig. 2) , our study supports the suggestion that changes in substrate availability are responsible for the O 2 and CO 2 dependence of isoprene emission.
In summary, this evidence strongly suggests that the integral of postillumination isoprene emission is a true measure of the DMADP pool associated with isoprene production in intact leaves. The applied postillumination isoprene emission measurements provide a convenient, fast, and reliable technique for the estimation of a DMADP pool that is directly associated with isoprene emission in intact leaves. The DMADP pool responsible for isoprene emission is small relative to the whole leaf DMADP pool, the bulk of which is presumably located in the cytosol. The in vivo K m value of aspen isoprene synthase is smaller than previously reported in the literature. Nevertheless, isoprene production still operates mostly under substrate limitation at different light intensities and external CO 2 and O 2 concentrations. The maximum capacity of isoprene synthase, V max , exceeds four to five times the actual reaction rates; thus, these data suggest that substrate rather than synthase activity is responsible for the short-term light, CO 2 , and O 2 dependencies of isoprene emission.
MATERIALS AND METHODS
Plants and Growth Conditions
One-year-old seedlings of hybrid aspen (Populus tremula 3 Populus tremuloides, clone 200; Vahala et al., 2003 , for description of the genotype) were grown in plastic pots containing 4 kg of a peat:sand mixture (1:1) in a Percival AR-95 HIL growth chamber (CLF PlantClimatics) under a photosynthetic photon flux density of 500 mmol m 22 s 21 with a 14-h light period. Air temperature was kept at 25°C during the day and 20°C during the night, while relative air humidity was 60% 6 2%. Plants were watered daily to field capacity with distilled water and once per weak with a combined nutrient solution containing macroelements according to the Knopp recipe and microelements according to the Hoagland recipe.
Description of the Gas-Exchange System
The gas-exchange measurements were conducted with cylindrical glass chambers of either 3 or 8 L depending on plant size. The bottom of the chambers was composed of two well-fitted glass plates with perforations for plant stem, gas input and output ports, a temperature sensor, and a fan, while the chamber edges were polished for a perfect seal. All tubing and connections were made of Teflon and stainless steel. The gas flow rate through the measurement chamber was 8. ature inside the chambers could be controlled between room temperature of 22°C and 30°C using an infrared heating body. Temperature in the chamber was continuously monitored by a NTC thermistor (model ACC-001; RTI Electronics). Leaf temperature calculated from leaf energy balance was within 61°C of the air temperature in the chamber. Ambient air passing through a large buffer volume of 100 L was used in most experiments. For CO 2 concentrations above the ambient level, CO 2 was added into the gas stream using a capillary mixer (Laisk and Oja, 1998, for details) . For preparation of CO 2 concentrations below the ambient, CO 2 was first removed by KOH, then CO 2 was added by the mixer and air was rehumidified to the desired dew point. In experiments with low O 2 concentrations, N 2 and O 2 from pressure bottles were dynamically mixed and humidified and the required CO 2 was set.
Measurement of CO 2 and Water Exchange and Isoprene Emission Rates
The entire seedling or the uppermost portion of the seedling with approximately 10 fully expanded mature leaves (15-35 d after bud burst, except where noted) was enclosed in the gas-exchange chamber. CO 2 and water vapor concentrations were measured with an infrared analyzer (LI-COR 6262; Li-Cor), while isoprene concentration was continuously monitored with a Fast Isoprene Analyzer equipped with an ozone generator (Hills Scientific) . The isoprene measurement is based on the chemiluminescence principle and is highly sensitive only to isoprene with several orders of magnitude lower sensitivity to other volatile hydrocarbons such as monoterpenes (Hills and Zimmerman, 1990) . The analyzer was frequently calibrated with standard gas containing 5.74 mL L 21 isoprene in N 2 . Due to the humidity sensitivity of the isoprene analyzer, a custom-made humidifier was set before the analyzer to keep constant the humidity of air before entering the analyzer. Gas concentrations of incoming and outgoing air were measured interchangeably, and gas-exchange rates were calculated according to a standard protocol (von Caemmerer and Farquhar, 1981) .
In Vivo Estimation of DMADP Pool Size
Leaf DMADP pool size was estimated using a postillumination transient technique that is based on the observation that after turning off the light, the evolution of isoprene continues in the dark until DMADP is present (see "Discussion" for underlying assumptions). Thus, the integral of isoprene emission after switching off the light corresponds to the steady-state DMADP pool size before the darkening. However, the time-dependent reduction of isoprene concentration in the chamber outlet also depends on the measurement system response (chamber capacity); thus, chamber and plant responses must be first separated. To resolve plant and system responses, we simulated an analog transient isoprene reduction with an empty chamber. For this, isoprene of known concentration was supplied to the chamber. After the system reached a steady state (i.e. isoprene influx and outflux were equal), isoprene supply was abruptly stopped. In this case, the isoprene efflux from the chamber approached zero faster than with the plant in the chamber (Fig.  1) . The shape of the decay curve without the plant is constant for a given chamber, and flow rate and is independent of isoprene concentration before the transient. Thus, for comparison with leaf emissions, the empty chamber decay curve can be normalized with respect to the leaf isoprene emission at the time of the transient. The area (integral) of the difference between the two recordings, with the plant and without it (normalized to the initial plant emission) represents the postillumination isoprene emission supported by the DMADP pool accumulated in the light and thus provides the foliar pool size of DMADP responsible for isoprene emission (nmol m 22 ) under given conditions. All of these measurements were conducted at temperatures of 28°C to 30°C. The described technique is similar to an established in vivo gasometric method for the measurement of CO 2 acceptor, RuBP, pool size in leaves during photosynthesis that is based on analogous assumptions (Laisk et al., 1984 (Laisk et al., , 2001 . After the light is turned off, CO 2 uptake continues in the dark for a certain time at the expense of the RuBP pool built up during the light period (Laisk et al., 1984 (Laisk et al., , 2001 ).
Estimation of the Total Pool of DMADP and the Pool Responsible for Isoprene Emission Using in Vitro Methods
Additional experiments were conducted to compare in vivo and in vitro methods of DMADP pool size measurements and to study the correspondence between the gasometrically detected pool and total leaf DMADP pool. In these experiments, we used a smaller thermostatted leaf chamber of 1.2 L and air turnover of about 1 min. Leaf temperature was kept at 30°C. A proton-transfer reaction mass spectrometer (PTR-MS; high-sensitivity; www.ptrms.com; Ionicon Analytik) was used to measure the emission of isoprene. After isoprene emission reached the steady state at a given quantum flux density, the light was switched off and the size of the light-dependent pool of DMADP was determined as described above. The light was then switched on again, and the leaf was kept under the same conditions as before until the same steady-state level of isoprene emission was achieved. Three discs, each of 1.8 cm 2 , were then quickly, within 5 to 6 s, taken from one half of the leaf and put immediately in liquid N 2 . The light was then switched off, and the isoprene emission in the darkness was monitored continuously. When isoprene emission in darkness reached zero, three discs again were taken from the other side of the leaf within 5 to 6 s and put in liquid nitrogen. In all cases (different leaf ages and light conditions), at least five replicate analyses in light and darkness were made. As mechanical damage such as wounding can result in modifications in isoprene emissions, with moderate increases in the grass Phragmites australis or decreases in the vine Pueraria lobaria and the herb Mucuna deeringeniana (Loreto and Sharkey, 1993) being reported, we also checked for the effect of leaf disc removal on isoprene emissions from poplar. In all cases, isoprene emission rates after taking the discs reached the same values as before the sampling. Analogously to our study, twig cutting did not affect isoprene emissions in the tree Quercus robur (Kreuzwieser et al., 2002) , and sampling for leaf discs did not alter the other MEP pathway isoprenoid contents in P. tremula . We used the method of Fisher et al. (2001) to estimate the pool of DMADP in the leaves. This method is based on acid hydrolysis of DMADP in crude leaf extracts and quantitative detection of isoprene released into the head space. Leaf discs of approximately 100 mg fresh mass were homogenized in liquid nitrogen with a pestle and mortar and quantitatively transferred to ice-cold reaction vials. As in the original paper by Fisher et al. (2001) , 500 mL of 8 M H 2 SO 4 was added, and the samples were incubated for 1 h at 30°C in 10-mL vials (CTC Headspace; CTC Analytics) and air-tight closed with an UltraClean 18-mm screw cap with a polytetrafluoroethylene septum (Agilent Technologies). The screw cap had custom-made openings for rapid connection to the PTR-MS through a valve and a T-shaped tube (Agilent Technologies). At the end of the incubation, the incubation vial was rapidly (in less than 1 s) switched to the PTR-MS, and the isoprene signal was recorded at 10-ms resolution. The time-integrated signal was used to calculate the amount of isoprene produced by acid hydrolysis of DMADP. As several products form from DMADP under acid hydrolysis (Fisher et al., 2001) , calibration of the method was conducted using aqueous solutions of DMADP (Echelon Biosciences) as described by Fisher et al. (2001) .
We estimated the light-dependent pool size of DMADP from the difference between the DMADP pool sizes in illuminated leaves and in the darkness just after cessation of isoprene emission.
Leaf fresh mass-to-area ratio and dry-to-fresh mass ratio were estimated separately using three to five discs taken from neighboring leaves of the same age. Preliminary experiments demonstrated that the errors in fresh and dry mass estimation were less than 2% to 3%.
Analysis of the Effect of Fosmidomycin on in Vitro DMADP Pool Size
An additional series of experiments was conducted to evaluate the influence of the MEP pathway inhibitor fosmidomycin (Invitrogen) on the total DMADP concentration in the leaves. Samples were taken from plants adapted to standard ambient conditions with petioles kept in water and after 45 to 50 min in 20 mM fosmidomycin solution. By this time, we observed essentially full inhibition of isoprene emission (to less than 1% of the initial value). Although the percentage of fosmidomycin inhibition can be somewhat higher (e.g. approximately 10% residual emission was observed after 30 min of feeding by Loreto et al. [2004] ), very low residual emissions similar to our study have been reported by others (Sharkey et al., 2001 , after 40 min of feeding).
In Vivo Kinetic Characteristics of Isoprene Synthase et al. (2004) . In these calculations, we used the measurements of leaf fresh
